ABSTRACT. By immunogoldelectron microscopy we have shown that in mouse cerebellar Purkinje cells fixed by per fusion with formaldehyde-glutaraldehyde solution, the InsP3 receptor are numeously detected on the stacks of flattened cisterns (OTSUet al, (1990) CellStruct. Funct. , 15: 163-173). In the present experiment we investigated distribution, structure and properties of the stacks by conventional electronmicroscopy, lectin cytochemistry and immunoelectron microscopy. The size and number of stacks were variable depending on their intracellular localization; short stacks with 2-4 parallel cisterns predominate in the perikaryon, long stacks with 4-15 cisterns in the proximal dendrite, and long stacks with 3-4 cisterns in the distal dendrites. The flattened cisterns bind with concanavalin A but not with wheat-germ agglutinin and may contain KDELproteins loaded with Lys-Asp-Glu-Leu at their C-terminin in their lumens, indicating that the cisterns are derived from ER membranes. The electron dense materials sandwiched between the cisternal membranesare composed of small particles, short cylindrical in shape and -20 nm in diameter, and markedly labeled with anti InsP3R antibody. We suggest that they correspond to the tetramer of the InsP3R or their related molecules. It is not clear whether the stacks of flattened cisterns exist per se in the Purkinje cells or smooth ER existing in singlet in vivo in the Purkinje cells forms stacks during fixation. It is strongly suggested, however, that the smooth ER membranes covered by the InsP3R or their related molecules can easily interact and stack each other in the Purkinje cells.
In 1989 immunoelectron microscopic observation of the distribution of InsP3R in the Purkinje cells was reported by Maeda et al. (18) , Mignery et al (20) and Ross et al. (31) . None of these studies used quantitative analysis to compare the labeling of the various structures such as rough endoplasmic reticulum (ER), smooth ER, and nuclear envelopes.
In 1990 quantitative immunocytochemical analysis of InsP3R in mouse and rat cerebellar Purkinje cells was published by two groups. We have shown by immunogold labeling method that InsP3R in mouse cerebellar Purkinje cells is markedly concentrated in the smooth ER, such as stacks of flattened cisterns, subsurface cisterns, and spine apparatus, and suggested that these three structures play pivotal roles in the Ca2+-signal transduction in the Purkinje cells (22) . Independently and concomitantly, Satoh et al. (33) reported that in rat cerebellar Purkinje cells IP3R is concentrated in a large, smooth ER subcompartment, especially in the cisternal stacks.
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Among these three structures, the subsurface cisterns first described by Rosenbluth (30) and their related structure-hypolemmal cisterns described by KaisermanAbramof and Palay (14)-have been reported in detail not only in Purkinje cells but also in the other neurons by various authors (4, 8, 14, 23, 27, 29, 35) . The spine apparatus, first found by Gray et al. (6) in the dendritic spines of cereberal cortex, has been described by various authors (13, 23, 26, 27) . The existence of these two structure in neurons appears to have been well established. Although the stacks of flattened cisterns and their related structures have been observed by various authors (1, 2, 7, 10, 16, 34) , their existence is not yet established as discussed in detail later, and the possibilies of artifacts due to fixation or premorten anoxia have been pointed out (ll, 27) . Wehave been very muchinterested in the stacks of flattened cisterns in the cerebellar Purkinje cells of mouse, which was fixed by per fusion with formaldehyde-glutaraldehyde solution. Wehave investigated the distribution and structures of the stacks by conventional electron microscopy and tried to characterized them by lectin cytochemistry using concanavalin A (Con A) and wheat germ agglutinin (WGA)and by immunocytochemistry using anti-InsP3R and anti-KDEL antibodies. The latter antibody binds specifically to the soluble ER luminal proteins loaded with KDEL(Lys-Asp-Glu-Leu)
sequence at their C-termini (43). Weconclude that the stacks of the flattened cisterns are composed of the smooth ER. We discussed the possible physiological significance of the stacks in the Purkinje cell including artifical aggregation of the smooth ER. P4Oo protein, which was later identified with InsPsR (17), were prepared by injecting partially purified mouse P4Oo protein into a rat and fusing the spleen cells with mouseSp2 myeloma cells (19) . Of the three monoclonal antibodies (mab 10A6, 4C11 and 18A10) prepared, mab 4C11 was exclusively used in this experiment, the probable epitopes of which are at the Nterminal region of InsPsR as shown in previous paper (5). The polyclonal antibody against KDELpeptide was prepared and purified by affinity chromatography as described previously (43) .
Tissue processing for conventional electron microscopy. Mice were anesthetized with ether and were per fused through the heart for 1 min with Hank's solution at pH7.4 at room temperature, fixed by per fusion for 10 min with 4%formalde-hyde containing \% glutaraldehyde in Hank's solution, pH 7.4, thenwashed for 5 minwith PBS (0.15 MNaCl, 0.01 Msodium phosphate buffer, pH 7.4) containing 50 mMNH4C1. The fixed cerebellum was took out, cut into small pieces (~1 mm3), rinsed in Hank's solution, and post-fixed overnight with 4% formaldehyde containing 0.1% glutaraldehyde in Hank's solution, pH 7.4, further fixed with \% osmium tetroxide, then dehydrated, and embedded in Epon 812 according to a standard procedure. Ultrathin sections were stained with uranyl acetate and lead citrate and observed under a Hitachi H-7000 electron microscope.
Protein A-gold technique on frozen ultrathin sections. Frozen ultramicrotomy was performed as described by Tokuyasu (37) with some modifications. Mice were fixed by per fusion with 4% paraformaldehyde containing 1 % glutaraldehyde as before (22). After post-fixation with 4%formalde-hyde-0. 1%glutaraldehyde mixture, the small pieces of cerebellum were incubated overnight in 2.3 M cold sucrose in 0.1 M sodium phosphate buffer (pH 7.4), containing 20% polyvinyl pyrrolidone, and rapidly frozen in liquid propane at -180°C. Frozen ultrathin sections were cut with a Reichert Ultracut-N with a cryoattachment (FC-4D) at -115°C to the approximate thickness of 70 nm and picked up on formvar-carboncoated nickel grids. The sections were incubated with 2% gelatin in PBS containing 10 mMglycine, then reacted for 15 min with the monoclonal antibody (lOjug/ml), washed 6 times with gelatin solution, incubated for 15 min with rabbit IgG (10 //g/ml) against rat IgG, subsequently for 15 min with protein A-gold complex (4 or 8 nm in diameter, OD525nm-0.03 and 0.08, respectively). As a control, the sameconcentration of IgG prepared from a non-immunizedrat serum was used.
After washing with sodium cacodylate buffer (pH 7.4), sections were post fixed in 2% glutaraldehyde, then in 1% OsO4, stained with uranyl acetate, embedded in LR white resin (The London Resin Co. LTD, Basingstock, England), and observed with a Hitachi H-7000 electron microscope. Tissue processing for lectin cytochemistry and for immunogold cytochemistry ofKDELproteins. For detection of lectin binding sites, cerebellum fixed by per fusion as described above was cut into small pieces, and the specimens embedded in LR White (9) with 0.5% benzoin methyl ether at -20°C using an ultraviolet polymerizer TUV-200 (Dosaka EMCo, Kyoto, Japan). Ultrathin sections were cut, picked up on collodion-carbon-coated nickel grids (150 mesh), treated with 0.5% bovine serum albumin (BSA) in PBS for 10min to reduce nonspecific binding, then incubated for 30 min with lectins (ConA, or WGA, 10//g/ml) dissolved in 0.5% BSA in PBS. After washing with PBS, the sections were incubated for 30 min with anti-lectin IgG (200 //g/ml) in 0.5% BSA in PBS. After washing with PBS, the sections were incubated for 10 min with 4-or 8-nm protein A-gold particles diluted in 0.5% BSAin PBS, washed in 0.1 M cacodylate buffer, pH 7.4, then post-fixed in 2.5% glutaraldehyde in cacodylate buffer. After washing in distilled water, the sections were double-stained with uranyl acetate and lead citrate. Specificity of the lectin binding experiment was tested by the addition of appropriate .:t s&mmm :
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RESULTS
Electron microscopic observation of the stacks offlattened cisterns in the Purkinje cells embeddedin epon.
In the previous report (22), we have shown by cryoimmunogold technique that InsP3R is marked by concentrated on the stacks of flattened cisterns. Weare, therefore, very much interested in the distribution and structure of the stacks in the Purkinje cells in the conventional Epon sections. As described below, we could observe numerousstacks both in the somaand in the dendritic processes. Wefound, however, that the structure of the stacks is variable depending on their intracellular localization. In the following we described the structure of the stacks in the proximal dendrites, distal dendrites and in the perikaryon. Figure 1 shows peripheral cylinder of a large trunk of Purkinje cell dendrites, which is rich in well developed stacks of flattened cisterns. The stacks located peripherally in the large trunks are preferentially oriented parallel to the plasmalemma. The number of piles changes from several to up to 15, sandwiching dense granular materials, which appears to be composed of small particles. The particulate properties are apparent whenthe stacks were cut obliquely ( Fig. 1. arrowheads) .
The distance between the center of cisterns is quite constant (56.1±4.7 nm) and the average distance between the center of the adjoining cisternal membranes is 33.0±3.2 nm. Occasionally the stacks are very closely apposed to the outer membrane of mitochondria as shown in Fig. 1A (arrows) . Figure 2A and B shows a longitudinal and a cross-sectional profile of the stacks in the distal dendrites, respectively. It is apparent in the former micrograph ( Fig. 2A ) that the long axsis of the stacks and mitochondria run in parallel with microtubules. Whenthe stacks were obliquely sectioned, granular appearance of the intercistarnal dense materials becomes apparent ( Fig. 2A, star) . In Figure 2 one of the stacks is very closely opposed to inner aspect of the plasmalemma (arrowheads) and appears to be cross-bridged by electron dense particles (arrowheads in Fig. 2B) ). This structure coresponds to subsurface cisterns described by Rosenbluth (30) or hypolemmal cisterns described by . Figure 4 shows soma of the Purkinje cells. In the perikaryon (Fig. 4A) where Nissl bodies predominate, welldeveloped stacks of flattened cisterns are not found but only a small numberof singlets or doublets of short flattened cisterns were observed (arrows). In the peripheral region (Fig. 4B) or even in the perinuclear region where well developed Nissl bodies are lacking, small stacks composed of 3-6 short parallel cisterns were numerously found (Fig. 4B. arrows) . Deep in the endoplasmic region, they are randomly oriented. But in the hypolemmal region they are preferentially oriented parellel to the plasmlemma (Fig. 4B) . We occasionally observed small stacks of flattened cisterns, one of the outermost of which is in direct membranecontinuity with rough ER (arrowhead). Figure 5 shows the origin of primary dendrite of a Purkinje cells. This region is characterized by the presence of a mixture of small and large stacks. They are usually randomly oriented except for those distributed beneath the plasmalemma, which usually run parallel to the plasmalemma.
Morphometric analysis of the stacks in the perikaryon and dendrites. In order to show more clearly the size distribution of the stacks in the perikaryon, at the origin of primary dendrites, proximal and distal dendrites, we analysed the relationship of the percentage distribution in total area of the stacks with the number of cisterns. As shown in Fig. 6A , it is evident that in the perikaryon small stacks with 3 cisterns predominate, at the origin of primary dendrites stacks with~5 cistern increase, in the proximal dendrite larger stacks with 6-7 cisterns predominate, while in the distal dendrite, smaller stacks with 3-4 cisterns predominate. Figure   6B shows the relationship between the numberof cisterns with the length of the longest cisterns in the stacks at the various regions in the Purkinje cells. In the perikaryon, the maximal length of cisterns did not increase despite of the increase in the number of stacks. At the origin of primary dendrites, long cisterns start to increase. In the proximal dendrites, the average maximal length increased with the increase in the number of flattened cisterns are short cylindrical in shape whenthe stacks were sectioned perpendicularly. Whensectioned obliquely, however, the spherical profile of the cylindrical particles become evident as shown in Fig. 1 and 2A . Fig. 1 inset shows a high magnification electron micrograph of obliquely sectioned stacks where we could identify the individual particles with the average diameter of 19.8±1.6 nm. The diameter of free ribosomes in the same Purkinje cell was 24.3 ±2.2 nm and was definitely larger than that of the intercistarnal particles.
Cryoimmunogold labeling patterns of InsP3R in the stacks offlattened cisterns. In the previous article we reported that InsP3R is markedly concentrated in the stacks of flattened cisterns (22). First we confirmed this result by cryoimmunogold labeling of InsP3 receptor in the Purkinje cells. Figure 7A shows a typical stack composed of~15 flattened cisterns sandwiching dense granular materials. It is apparent that the stack is heavily labeled with gold particles. Mitochondria and plasmalemma were barely labeled. It is noted here that when the cisternal membranes were cut perpendicularly, gold particles are mostly found either on the membranesor on the dense granular materials between the cistarnal membranes. The lowermost cistern of this stack (star) in Fig. 7A is in close association with the plasmalemma, and gold particles bound to the dense granular materials (arrow). Figure 7B shows a stack of flattened cisterns in the dendrite which is in close association with a mitochondrion and is heavily labeled with gold particles. When the cistarnal membranes were cut perpendicularly, gold particles are preferentially localized over the membranes themselves or on the dense granular materials between the membranes. Thus it is certain that the epitopic sites of mab 4C11 are markedly concentrated in the dense granular materials on the cytoplasmic surface of cistarnal membane as has been pointed out in the previous paper (22). We, therefore, suggest that these dense granular materials represent InsP3R.
Lectin cytochemistry and immunogold labeling by anti-KDEL antibody of the stacks offlattened cisterns. In order to estimate the biochemical properties of the flattened cisternal membranes,we used lectin cytochemistry, and examined whether they are stained with concanavalin A (Con A) or with wheat germ agglutinin (WGA) . Fig. 8 shows that the stacks are labeled with Con A (Fig. 8A ), but not with WGA (Fig. 8B ). In Fig. 8A, the gold particles are mainly found in the cistarnal space of the flattened cistarnal membranes sectioned cross-sectionally.
Wealso tested whether the intracistarnal space can be stained with anti-KDEL antibody. Figure 9 clearly showsthat gold particles are, although not numerousin number, localized in the intracistarnal space, indicating that this space contains luminal soluble proteins loaded with KDELpeptide at their C-termini.
DISCUSSION
In the previous report (22) we have shown that in mouse cerebellar Purkinje cells InsP3R is markedly concentrated in the stacks of flattened cisterns. Similar results were independently and concomitantly reported by Satoh et al. (33) in the rat cerebellar Purkinje cells. In this experiment we observed the distribution and ultrastructure of the stacks in detail. They were numerously found in the perikaryon and dendrites of the Purkinje cells in both cryosections, epon sections and LR white sections. The size and number of stacks were variable depending on their intracellular localization; short stacks with 2-4 parallel cisterns predominate in the perikaryon, long stacks with 4-15 cisterns in the proximal dendrites, and long stacks with 3-4 cisterns in the distal dendrites. The next problem we have to answer is the origin of the membranescomposedof the stacks. One possibility is that they are derived from ERand another is that they are derived from some post-Golgi membranes. To solve this problem we examined the biochemical properties of the membranesof the flattened cisterns. It is generally agreed that the oligosaccharide chains of TV-linked glycoproteins are of the high-mannose type in ER, but are mainly of the complex type in post-Golgi organelles such as secretory vesicles, plasma membranes, and lysosomes (15). Con A binds selectively with the mannose residues, whereas wheat germ agglutinin (WGA) with the sialic acid and 7V-acetylglucosamine residues (24, 32, 36). Con A binding has been used to characterize the smooth ER membranes in Purkinje cells by Woodet al. (41, 42) , who suggested that the hypolemmalcisterns are a part of a specialized cisternal ER system which is continuous from the Purkinje cell body throughout the dendritic trees. As another criterion, we examined whether anti-KDEL antibody binds to the intracisternal space of the flattened cisterns, because it is now established that most of the soluble proteins in the intracisternal space of ERpossess
KDELsequence at their C-termini (25). As shown in Figs. 8 and 9 , the flattened cisterns bind with Con A but not with WGAand also can bind with anti-KDEL antibody. This result is consistent with the very recent report by Villa et al. (38) that stacks of flattened cisterns contain BiP, one of the ER luminal proteins with KDELsequence at the C-terminus. Wehave also shown that the flattened cisterns are occasionally in direct continuity with rough ER (Fig. 4B) , as also reported by Satoh et al. (33) . Taken together, it is certain that the flattened cisterns are ER membranes and composed of the ERmembranesystem in the Purkinje cells.
In the literature, wecan find description of the structures similar to or related with the stacks of flattened cisterns. First Herndon (1 1) reported lamellar bodies in rat
Purkinje cell as an unusual arrangement of the rough ER. The electron micrographs of his lamellar bodies are very similar to the stacks of flattened cisterns described here. According to him, however, he could observe the lamellar bodies only whenrats were fixed by per fusion with cold 1 or 2% buffered osmium tetroxide. His interpretation was that the lamellar bodies are an artifact, because they were not found in animals which were given artificial respiration up to the time of per fusion and which were per fused with warm (37°C) osmium tetr- In our experiment, mouse cerebellum was fixed by per fusion with a mixture of 4% formaldehyde and \% glutaraldehyde in Hank's solution at room temperature. The stacks of flattened cisterns were observed in both epon sections, LR white sections and cryoultrathin sections. Our electron micrographs (Figs. 1-5) show that the cytoplasm of the Purkinje cells appeared to be well preserved, occupied by closed packed organelles and cytoskeletal elements.
However, wecan not neglect a possibility that the stacking of SERwas induced in the Purkinje cells during fixation as orignally pointed out by Herndon (ll) . Even if so, it is certain that the presence of InsP3R or the related molecules on the cytoplasmic surface of smooth ER may induce attachment of the ER membranes each other during fixation, thus marked stacks of the smooth ER membraneshas been formed. It is to be pointed out here that stacking of flattened cisterns has been preferentially observed in Purkinje cells (12), which are very rich in InsP3R. In order to solve this problem, ultrastructural observation of the Purkinje cells processed by rapid freezing followed by freeze-substitution fixation should be carried out.
In the previous report we suggested that the fuzzy materials on the cytoplasmic surface of smooth ER correspond to the dense intermediate line between each cisterns in the spine apparatus (6) and a faint, discontinuous intermediate line between the subsurface cisterns and plasmalemma(30), and represent cytoplasmic portion of the InsP3R or the related molecules (22). In this paper we confirmed the previous results that InsP3R is markedly concentrated in the stacks of flattened ERcisterns and further shown that, whentangential by sectioned in epon section, they are composed of small dense particles, short cyclindrial in shape and~20 nm in diameter. Satoh et al. (33) also pointed out the existence of the regularly spaced bridges in between the stacked cisterns. Comparing with the electron microscopic observation of the purified receptor by negative staining (17), it is very probable that they represent tetramer of the cytoplasmic portions of InsP3R.
It is noted here that Herndon (ll) pointed out the presence of small dense particles between the stacked membranes in his paper, and this fact was used to distinguish them from the Golgi apparatus. His interpretation was that they are altered ribonucleoprotein particles (ribosomes), and he even assumed that the lamellar bodies are composed of rough ER. As shown in Fig. 1 inset, they are definitely smaller than ribosomes and our interpretation is that the stacks are composed of smooth ER membranesand the small dense particles represent InsP3R or related molecules such as ryanodine receptor.
Coexistence of ryanodine and InsP3Rs in avian cerebellar Purkinje neurons has been reported recently (39).
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